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Introduction

34
The controlled aggregation and dispersion of colloids is a key step in separation processes 35 involving complex fluids comprised of immiscible liquids and/or micro/nanoparticles (e.g. 36 Pickering emulsions), in fields such as petrochemistry (Doshi, & Yangkou Mbianda, 2017). When particle separation is required, it is often desirable to form 40 aggregates and flocs as large as possible, in order to ease the separation process and decrease costs. 41
Furthermore, if those particles were originally added to the process, for example as supports for 42 much smaller catalytic nanoparticles (Ballauff & Lu, 2007) , reversible aggregation/disaggregation 43 behavior would be a desirable feature for recycling purpose. 44
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is a classical framework to 45 understand and analyze the stability of colloidal suspensions (Chin, Yiacoumi, & Tsouris, 2001 ; 46 Ohki & Ohshima, 1999). It models particle-particle interactions as a combination of repulsive 47 double-layer overlap forces and attractive dispersion (van der Waals) forces (Verwey, 1947) . In 48 the energy landscape, the contribution of the electrostatic repulsion superimposes to the Van der 49 Waals attraction and generates an energy barrier that can reduce or inhibit particle aggregation in 50 a suspension (Rodgers, Velicky, & Dryfe, 2015) . Other forces that can also enhance or inhibit 51 aggregation include the hydrophobic effect, hydrogen bonding, steric interactions, and depletion 52 forces (Durand-Gasselin, Sanson, & Lequeux, 2011). As a result, the typical ways to control the 53 aggregation level of micro/nanoparticles in a suspension are via pH and/or ionic strength (salt 54 addition) adjustments (Yan et al., 2013) , which control the electrical double layer properties. 55
Grafting water-soluble polymer/polyelectrolyte chains on particle surface, which promote 56 6 APTMS was then added dropwise while stirring at room temperature, following three targeted 103 surface concentrations: 0.01 (SP-A), 0.1 (SP-B) and 1 (SP-C) APTMS molecule⋅nm -2 (based on 104 particle specific surface) (Pickering, Khimi, & Ilanko, 2015) . For example, to treat 10 g of particles 105
with a desired surface APTMS density of 1 molecule⋅nm -2 (SP-C), 0.131 ml of APTMS was added 106 to the reaction medium. The reaction was then carried for 12 h. The particles were collected by 107 centrifugation (Sorvall RC 6+, Thermo Fisher Scientific) at 8000 rpm for 15 min, and cleaned by 108 washing twice with ethanol in order to rinse off any remaining unreacted silane. The particles were 109 finally dried in a vacuum oven at 70 ºC for 2 hrs. 110
Sodium Alginate Grafting 111
A fraction of the APTMS modified SPs were further modified by grafting SA using two different 112 solution concentrations (Table 1) : 0.1% (1) and 1% (2) w/v. As an example, following this 113 terminology, SP-C-2 particles were modified with a silane coating targeting an APTMS surface 114 density of 1 APTMS molecule⋅nm -2 , followed by grafting of SA with a 1% w/v solution. In a 115 typical experiment for the preparation of SP-((B-2) or (C-2)) particles, 0.2 g of SA was first 116 dissolved in 20 ml of DI water (1% w/v). 0.29 g of EDC and 0.17 g of NHS (EDC/NHS molar 117 ratio = 1) were then added to the solution (EDC/-COOH molar ratio = 0.5, relative to the -COOH 118 groups of alginate) (Giani, Fedi, & Barbucci, 2012) . Then, 2 g of APTMS modified SPs were 119 added to the mixture and the pH was adjusted to 4.5 with HCl 1N. The reaction proceeded for 15 120 hrs at room temperature and the mixture was subsequently centrifuged at 8000 rpm to collect the 121 modified particles, which were washed with DI water 3 times. Finally, the particles were dried in 122 a vacuum oven at 70 °C for 10 hrs. The synthesis conditions of the surface-modified SPs are 123 summarized in Table 1 . 124 an AF-S DX NIKKOR 18-55mm f/3.5-5.6G VRII objective) every 3 min after dispersion, for a 170 total duration of 60 min. For all particle types, three samples were tested. 171
Optical Microscopy Observations 172
Unmodified and surface modified particles were observed by dark field optical microscopy 173 (Olympus BX51 by Cytoviva, Objectives = 10x and 50x Plan Fluorite, and 60x UPL Fluorite Oil, 174 and 100x UPL Fluorite Oil camera Q imaging, Retigna 2000R fast 1394, cooled color 12 bit). For 175 each type of particle, 0.02 g of particles was dispersed in 2.0 ml of DI water at pH 7.0 using the 176 ultrasonic homogenizer at a 20% amplitude for 1 min (≈ 300 J⋅ml -1 ); the pH was subsequently 177 adjusted to 3.0 with HCl 1N when required. Solutions were subsequently diluted by adding 3 178 droplets into 5 ml of water at the corresponding pH while stirring with a magnetic stirrer for 30 s 179 at 600 rpm. Finally, three drops of freshly prepared samples were placed on microscope glass 180 slides and observed at different locations and magnifications. The images were analyzed using the 181
ImageJ software, to calculate the average size (Feret diameter) of the observed aggregates 182 (between 200 and 4000 aggregates were analyzed for each condition). 183
Measurement of Sedimentation Rate by UV-Vis Spectroscopy 184
UV-Vis transmittance measurements as a function of time were performed to determine the 185 sedimentation rate of unmodified and surface modified particles, using a UV−Vis spectrometer 186 (Model DH-2000 from Ocean Optics, 10 ms integration time). For each particle type, one 187 concentration was analyzed (0.01 g⋅ml -1 ) at 2 different pHs (3.0 and 7.0), by dispersing the required 188 amount of particles in 2 ml of DI water (pH 7.0) using an ultrasonic homogenizer, as described 189 previously; the pH was subsequently adjusted to 3.0 with HCl 1N when required. Then, 1 ml of 190 each sample was transferred into a disposable polystyrene cuvette with a 1 cm path length for 191 transmittance measurements at 656 nm every 3 min for a total duration of 60 min. The height of 192 the beam path was located at 1.3 cm from the bottom of the cuvette. Two vials, each containing 10 ml of 0.05% (w/v) SA in DI water solution at pH 7.0, were 209 prepared. Then, urea was added into one of the vial (1.0 mol⋅l -1 ), and the pH of both vials was 210 adjusted to 3.0 with HCl 1N. Pictures were taken before and after pH adjustment. 211
3.
Results 212
Surface Modification Analyzed by Zeta Potential, XPS and FTIR 213
The particles zeta potential ζ was measured as a function of pH for bare silica particles (SP), 214 modified particles with APTMS (SP-A to C), and with SA (SP-(A-1), (B-2), and (C-2)) ( Table 2) . Grafting APTMS at the surface of SP changes their electrostatic surface potential ( Table 2) and 265 their state of aggregation (Figure 1c and d) . Table 3 reports arithmetic mean diameter ± mean 266 absolute deviation, as a function of particle type -the size distributions are reported in Figure S4 . 267
For SP-A, at pH 3.0 (Figure 1c) , the aggregates' average diameter (D = 1.5 ± 0.9 µm, Table 3 (Figure 1d) , as compared to unmodified SP at pH 7.0, due to 271 the low zeta potential value. 272 D approximately increases by an order of magnitude, at pH 3.0, when SA is subsequently grafted 273 onto the particles' surface (Figure 1e, Table 3) , as compared to unmodified particles (Figure 1a , 274 see also Figure S5 ) − the effect is quite striking. At pH 7.0 however (Figure 1f Figure S6 . 305
For SP-A-1 particles, shown in Figure 2e -f, sedimentation starts right away at pH 3.0 and after 306 3 minutes, it is already fairly advanced. After 6 min, the process significantly slows down, whereas 307 at pH 7.0, SP-A-1 particles stay well dispersed for the whole duration of the experiment, as shown 308 in Figure 2f . Note that a similar behavior was observed for SP-B-2 and SP-C-2 particles (results 309 not shown). Another distinct feature is the "grainy" texture of the sedimented SP-A-1 particles 310 (Figure 2g) , as compared to unmodified SP particles (Figure 2h ) -indicating the presence of large 311 aggregates at pH 3.0, which is not the case for SP particles. 312 transmittance slope (-B/C) = 0.03, R 2 = 0.98), while no net sedimentation is detected at pH 7.0 (T 317 = 0). These results are consistent with the behavior expected based on zeta potential results (Table  318 1) and visual observations (Figure 2) . After ≈ 35 min, T has increased up to 50 % for SP particles, 319
Kinetic test by UV-Visible spectroscopy 313
and to 60 % after 60 min, with sedimentation still in progress. In contrast, sedimentation is 320 over 4 pH-swing cycles using UV-Vis spectroscopy, starting at pH 7.0, for 60 min. After that time, 334 the pH is decreased to 3.0 for 60 min, and the cycle is repeated 3 other times. Both SP-A-1 and 335 SP particles are able to aggregate and disaggregate reversibly over the course of the 4 tested cycles. 336 transmittance reaching a maximum near 90% each time the pH is brought down to 3.0. When the 338 pH is increased to 7.0 and the solution is sonicated, the dispersion remains stable (T ≈ 0%). 339 SP particles also display a reversible aggregation behavior, but the maximum transmittance after 340 60 min never goes over 60% -in fact, it decreases as the process is repeated. Furthermore, slight 341 aggregation is also observed at pH 7.0 as the process is repeated. It should be noted however that 342 if the pH is just increased without any sonication, the disaggregation process is very slow. Furthermore, investigating the effect of SA molecular weight and architecture 376 (guluronic/mannuronic ratio), and other gelling polysaccharides, is currently in progress. 377
Conclusion
378
This article demonstrates that submicrometer silica particles functionalized with a pH sensitive 379 polysaccharide, sodium alginate, display enhanced aggregation properties at low pH, and 380 reversible aggregation/disaggregation properties in aqueous solutions. The aggregation properties 381 are due to interparticle hydrogen bonding between neighboring sodium alginate modified particle. 382
The particles surface modification was characterized by zeta potential measurements, XPS and 383 
